As studies of RNA behavior seek greater quantitative precision and explanatory power, experimenters have uncovered numerous unexpected phenomena. Multiple folding pathways, molecular individuality, highly heterogeneous kinetics, and long-lived metastable states have been detected for numerous RNA and RNA/protein systems -- especially through single-molecule approaches -- and have important implications for fully understanding the biological and evolutionary behavior of RNA.[@b1][@b2][@b3][@b4][@b5][@b6][@b7][@b8][@b9] Nevertheless, few mechanisms for these molecule-to-molecule variations have been established, and there remain concerns, in some cases confirmed[@b10], that some of the observed variations stem from impurities or misfolding arising during synthesis or subsequent handling.[@b11][@b12]

One point of entry for chemical damage might be polyacrylamide-gel-based purification of RNA preparations, which is routine in biochemistry labs. In particular, purification protocols typically involve localizing samples in gels by illumination with hand-held ultraviolet (UV) lamps, which results in shadows on fluorescent screens. UV-induced lesions in nucleic acids, particularly photo-dimerization of proximal pyrimidines to produce cyclobutane-like or other linkages ([Figure 1A](#f1){ref-type="fig"}), have been studied for decades due to their adverse biological and medical effects on genomic DNA and non-coding RNA (refs[@b13][@b14][@b15] and refs. therein). To reduce such damage during routine nucleic acid purification, researchers can use long-wavelength UV lamps, minimize exposure times, and use higher RNA concentrations and thicker gels (see below). Perhaps the safest precaution involves loading side-by-side replicate samples onto gels, some of which are 'sacrificed' to UV shadowing so that the other un-shadowed samples can be approximately located and then excised without risk of UV exposure. Nevertheless, several protocols and handbooks for UV shadowing do not prescribe such precautions.[@b16][@b17][@b18][@b19][@b20]

The effects of UV shadowing have not been quantitatively characterized, partially due to the difficulty of lesion detection. Photodimers connecting sequence-adjacent residues do not change an RNA\'s mass and negligibly change its gel mobility. Thus, UV damage would not be readily observed in experiments involving mass spectroscopy or denaturing gel electrophoresis (see, e.g., refs[@b5][@b10][@b21]). Quantitative RT-PCR[@b22] and nuclease-based tests[@b10][@b14] have not given the sequence dependence or time-course of the damage in RNAs of interest.

Here, we report single-nucleotide-resolution experiments that quantify RNA damage incurred during UV shadowing for numerous RNAs, several commercially available UV lamps, a series of exposure times, varying gel thicknesses, and different RNA concentrations. Our data reveal conditions in which significant covalent damage occurs, affecting 20% or greater of purified molecules, and the factors that can diminish or increase the damage rate. The results also indicate unanticipated molecule-by-molecule lesion distributions that may complicate quantitative RNA biophysical analyses.

Results
=======

Survey of several RNAs confirms damage
--------------------------------------

In initial studies by our laboratory investigating chemical modification of RNAs[@b23][@b24], we found that lesions from exposure to ultraviolet lamps were readily detected by reverse transcription with a fluorescent primer, a rapid readout for chemical structure mapping or footprinting experiments. [Figure 1B](#f1){ref-type="fig"} presents the results of this procedure on seven RNA molecules visualized by UV shadowing after denaturing polyacrylamide gel electrophoresis (PAGE; 8% polyacrylamide with 7 M urea and 1x TBE electrophoresis buffer, 89 mM Tris-borate, pH 8.3; 1 mM EDTA). The seven sequences included riboswitch ligand-binding domains (adenine riboswitch from *Vibrio vulnificus*[@b25]; a cyclic diGMP riboswitch from *Vibrio cholerae*[@b26]; and a glycine-binding domain from *Fusobacterium nucleatum*[@b27]); other natural RNAs (the P4-P6 domain of the *Tetrahymena* ribozyme[@b28], unmodified tRNA^phe^[@b29] and 5S rRNA[@b30] from *Escherichia coli*); and an artificial hairpin construct, the Medloop RNA[@b23][@b24]. The samples were exposed to UV light with a hand-held lamp (Ultraviolet Products UVG-54, 254 nm, 6 W) at a distance of 10 to 20 cm from the sample, resulting in an exposure rate of approximately 0.2--0.8 mJ cm^--2^ s^--1^. In all seven cases, samples exposed to the lamp for at least one second showed striking patterns of reverse transcriptase stops compared to samples that were excised from the same gels without UV exposure. For illustration, the data in [Figure 1B](#f1){ref-type="fig"} were taken on samples of 50--100 μg exposed for 100 seconds within gels of thickness 0.5 mm. Damage was also detected with smaller exposure times, other loaded RNA amounts, and increased gel thicknesses; quantitation of the total lesion rate required fits to time-courses and are discussed below.

To investigate whether our PAGE protocol produced other covalent effects aside from UV-induced lesions, we also carried out control measurements with RNAs purified by non-gel means (phenol/chloroform extraction and gel filtration; MagMax RNA-binding beads; and hybridization of 3′ ends to complementary DNA oligonucleotides bound to magnetic beads). These experiments revealed no reproducible effects from UV-free PAGE purification aside from modest damage traced to oxidation from ammonium persulfate used to polymerize acrylamide; see [SI Figure S1](#s1){ref-type="supplementary-material"}. This damage occurred primarily at guanosines, consistent with known oxidative lesions[@b31], and affected 0.02--0.04% of RNA molecules. Nevertheless, this measurement and the measurements below should be considered lower bounds, since the reverse transcriptase used herein (SuperScript III) may bypass some types of lesions at a non-negligible rate.

Sequence Dependence of UV lesions
---------------------------------

UV damage from photodimerization is expected to occur predominantly at sequence segments with neighboring pyrimidines (YY = UU, CU, UC, and UU) through cyclobutane-type linkages ([Figure 1A](#f1){ref-type="fig"})[@b13][@b14]. To test this expectation, we assigned the sequences of the capillary electrophoretic traces by repeating the reverse transcription with 2′-3′-dideoxyguanosine triphosphate (ddGTP) to obtain reference peaks whose positions corresponded to C positions (see also below). Sequence annotation of the electropherograms verified that UV-induced damage occurred predominantly at YY positions (boldface in [Figure 1B](#f1){ref-type="fig"}).

To further confirm the general sensitivity of RNA sequences to UV damage, we designed five artificial RNA sequences UV1 to UV5 containing pyrimidine-pyrimidine sites arrayed in a pattern spelling out a warning message, "UV BAD" ([Figure 1C](#f1){ref-type="fig"}). After these RNAs were purified with UV shadowing and subjected to reverse transcription, the resulting capillary electropherograms displayed the expected message ([Figure 1D](#f1){ref-type="fig"}).

Given the visually striking prevalence of pyrimidine-pyrimidine sequences at UV-induced stops, we investigated whether the extent of damage could be quantitatively correlated with sequence. We assessed the degree of uniformity of the reactivity across pyrimidine-pyrimidine (YY) positions and whether damage occurred at other sites by quantifying capillary electrophoretic traces at single-nucleotide resolution using the HiTRACE software[@b32].

As shown in [Figures 1E & 1F](#f1){ref-type="fig"}, UV reactivities across all studied RNAs were not strongly stereotyped. For example, the distribution at UU positions was not strongly peaked; it spanned a ten-fold range of reactivities and was approximately flat within this range. One explanation for this heterogeneity is residual structure in the RNA within the polyacrylamide gel despite the presence of 7 M urea; UV experiments in non-denaturing conditions have shown modulation or enhancement of photodimerization due to secondary or tertiary structure formation (data not shown; see also, e.g., ref.[@b33]). One example supporting the role of residual structure is apparent in the UV1-UV5 RNAs ([Fig. 1D](#f1){ref-type="fig"}). The first 18 nucleotides of UV1 through UV4 are the same, and the first pyrimidine doublet (U11-C12; left-hand edge of the letter 'U' in "UV BAD") occurs within this constant region. However, this doublet only gives a strong damage signal in UV4 and not UV1-UV3. The cause of this differential effect is unclear, but must involve sequences at least 6 nucleotides downstream of the site. Regardless of its origin, the spread in reactivities even for specific sequences currently precludes a strongly predictive quantitative model for UV damage from sequence.

The quantification of reactivities also showed that many segments of the RNA sequences that contained a pyrimidine after a purine, such as GU or AU, were covalently modified by UV exposure. Less reactivity was observed at other positions. See [Figure 1E](#f1){ref-type="fig"} for sample histograms of AU vs. UU and AA; and [Figure 1F](#f1){ref-type="fig"} for summary of median and ranges over all sequence doublets. Again, a possible explanation for effects at non-YY sequences is residual structure, e.g., base pairs or transient contacts that enable photodimerization of pyrimidines distant in sequence from one another. Alternatively or in addition, these positions may correspond to UV-induced lesions that are not the common cyclobutane-type photodimers ([Figure 1A](#f1){ref-type="fig"})[@b14][@b34]. The isolation and characterization of these lesions through nuclease digestion and mass spectrometry may reveal further information on the damage but is currently challenging; in the following instead we continue to focus on practical considerations of how photodamage might be avoided.

UV wavelength dependence
------------------------

Photodimerization of pyrimidines is promoted by UV radiation at shorter wavelengths[@b35] and so might be avoided by using UV lamps mainly emitting radiation at longer wavelengths and/or filtering out shorter wavelengths. A variety of available lamps with different emission wavelengths were tested for their effects on the P4-P6 RNA during gel purification, including 254 nm emitters recommended by several published protocols[@b16][@b17][@b18]. A lamp emitting higher wavelength radiation (UVP 3UV-34 three-setting lamp at 302 nm) gave detectable but substantially less damage (12±6%), compared to the 254-nm irradiated samples ([Figure 1G](#f1){ref-type="fig"}). However, with 0.5-mm-thick gels, UV shadow bands were not clearly visible with the amount of RNA used (50--100 μg), and were not visible at all with less RNA (20 μg; see also below for variation of gel thickness). Lamps emitting longer wavelength radiation (UVP 3UV-34 three-setting lamp with 365 nm setting; and UVP UVL-56, 366 nm) gave no detectable damage on the RNA ([Supporting Information Figure S2](#s1){ref-type="supplementary-material"}) after 100 seconds of exposure, but they also did not give detectable UV shadows during gel purification. Another two lamps (UVP UVG-54 lamps, 254 nm) all gave detectable shadows but also UV-induced damage bands in the reverse transcription assay ([Supporting Information Figure S2](#s1){ref-type="supplementary-material"}).

Time-course of UV damage
------------------------

One route to reducing covalent RNA damage during UV shadowing would be to lessen the UV dose illuminating the sample. This reduction might be accomplished in two ways. Moving the source further from the sample might diminish UV exposure, but risks reducing the clarity of the RNA band\'s UV shadow and precluding visual detection. Another strategy to diminish UV exposure would be to reduce the exposure time to the minimum required for finding and marking the desired band. We tested the latter strategy by measuring the rate of UV damage by carrying out a time-course of UV exposure. Some protocols suggest exposures up to 30 seconds.[@b17] We therefore exposed gel samples of the P4-P6 RNA to UV lamp radiation (254 nm, 6 W) from one second to several minutes (to obtain an endpoint) and quantified UV-induced damage as above.

The results of this timecourse are shown in [Figure 2A](#f2){ref-type="fig"}. For the earliest time points, the UV damage pattern was detectable above background within 3 seconds. Such early damage was seen for experiments with the lamp placed 5 cm, 10 cm, and 20 cm from the sample. For time points between 20 seconds up to 600 seconds, the data approached an apparent 'steady-state' pattern. At the longest time points, 40 and 60 minutes, the reverse transcription signal was sharply attenuated for extension lengths beyond 34 nucleotides, corresponding to the end of an 8-nucleotide segment containing six double-pyrimidine sites.

Accounting for these data required taking into account the heterogeneity in radiation dose due to the absorbance of UV radiation as it passes through the RNAs ([Figures 2A--H](#f2){ref-type="fig"}). RNAs at the top of the gel slice (here, closest to the UV lamp) receive higher exposure than those at the bottom, where the radiation is attenuated by the RNA molecules\' absorption. Because different populations of RNAs receive different exposures, a Poisson process with a single rate of modification does not hold. Instead, the UV damage rate is attenuated exponentially with parameter *λ* as a function of the depth through the gel slice. Mathematical modeling of the resulting 'skin effect' model led to excellent fits of the experimental measurements \[[Figures 2B and 2C](#f2){ref-type="fig"}; see [equations (1)](#m1){ref-type="disp-formula"}-[](#m2){ref-type="disp-formula"}[](#m3){ref-type="disp-formula"}[(4)](#m4){ref-type="disp-formula"}\], with *λ* = 0.12 ± 0.05 mm and with the damage rate at the top of the gel as *k* = 0.03 ± 0.01 s^--1^ (summed over all nucleotides of the RNA). Further descriptions of the skin effect model compared to a simpler Poisson model, independent verification with ddGTP-doped measurements, and estimates of RNA concentration are given in the [Supporting Information](#s1){ref-type="supplementary-material"}.

One unanticipated implication of the skin effect model is that a population of UV-shadowed RNAs gives, on a molecule-by-molecule basis, a more heterogeneous distribution of damage than would be predicted from the Poisson model. [Figure 2H](#f2){ref-type="fig"} illustrates the fraction of molecules containing 0, 1, 2, \... lesions for RNA populations with average lesion number of 1.0 (seen at 60 seconds of UV exposure under the tested conditions in [Figure 2](#f2){ref-type="fig"}). The variance in the lesion rate in the skin effect model is 3.8, substantially greater than the variance in the Poisson model (1.0).

Damage attenuation at higher RNA concentration
----------------------------------------------

In a final experiment, we tested qualitative predictions of the skin effect model with practical implications for reducing UV-induced damage. In this model, higher concentrations of RNA should protect the overall population from UV-induced damage, since radiation should penetrate less deeply into the population. We varied the gel RNA concentration in two ways. First, we varied the amount of RNA loaded onto an 8% acrylamide gel by five-fold, from 20 μg to 100 μg (lower concentrations did not give clear bands). After irradiation by a 254 nm lamp held 10 cm from the gel for 100 seconds, the sample with more RNA gave somewhat less damage (reduction by 16±9%; [Figure 2A](#f2){ref-type="fig"}). However, we noticed that the larger amount of RNA was spread into a wider band and therefore the concentration in the gel did not actually increase five-fold. We also loaded these RNA amounts onto a 6-fold thicker gel, using 3 mm vs. 0.5 mm separators, hypothesizing that more of the RNA molecules would be protected by the 'skin' layer. A reduction of the damage by 41±6% was observed, supporting the skin effect model. Similar reductions in damage with thicker gels were observed with 302 nm irradiation ([Figure 1G](#f1){ref-type="fig"}), although this protocol did not permit visualization of the smaller RNA amount in the 0.5-mm-thick gel or either RNA amount in the 3-mm-thick gel. (In our hands, the thicker gels appeared to absorb some UV radiation and thus reduce contrast of the UV shadow.) We also tested RNA samples irradiated in solution, as they offered better control of RNA concentration than gel-based measurements. After 60 seconds of UV treatment, samples with low RNA concentrations (0.05 mg/mL) gave damage products ([SI Figure S4](#s1){ref-type="supplementary-material"}), while samples with 10-fold higher RNA concentrations gave reverse transcription patterns with no detectable damage, again supporting the skin effect model.

Discussion
==========

UV damage of nucleic acids is a well-appreciated biological phenomenon and a known risk during gel purification of RNA, but the magnitude of this damage during routine applications has not been characterized. We have now quantified the effects of UV shadowing using reverse transcription read out by capillary electrophoresis. Across several natural and artificial RNAs, across multiple sequence contexts (dominantly at but not limited to pyrimidine doublets), and with multiple lamps that are recommended for UV shadowing, we have detected substantial RNA damage occurring in routine UV shadowing protocols.

To more precisely assess the UV-induced damage, we measured and modeled the lesions occuring within polyacrylamide gels versus time. Unexpectedly, the time course of UV damage presented a long phase (10 seconds to 600 seconds) in which the reverse transcription pattern reached an apparent steady state. A skin effect model provided an explanation for this behavior ([Figures 2D--G](#f2){ref-type="fig"}). At early timepoints, the only damaged RNA molecules were those closest to the lamp, at the top of the gel slice ([Figure 2D](#f2){ref-type="fig"}). At later timepoints, this very top layer became so damaged that its RNAs did not contribute to the observed UV photodimer pattern read out by reverse transcription ([Figure 2E](#f2){ref-type="fig"}). RNA molecules at the very bottom of the gel also did not contribute to the damage pattern, but for a different reason: they were unmodified due to protection from the top layer. Instead the observed pattern of reverse transcription products was due to an intermediate 'active' layer with skin depth \~*λ* ([Figure 2E](#f2){ref-type="fig"}). This active layer traveled down the gel slice slowly; its starting depth increased logarithmically with time ([Figure 2F](#f2){ref-type="fig"}) while its thickness stayed nearly constant. The RNAs in this active layer contributed a constant UV damage pattern \[Methods eq. (5)\]. Once the active layer reached the bottom of the gel slice, all the RNAs in the gel succumbed to numerous damage events, and their reverse transcription was strongly attenuated ([Figure 2G](#f2){ref-type="fig"}).

Our data gave a lesion rate for the P4--P6 RNA (202 nucleotides) of 0.03--0.04 s^--1^ at the top of the gel, decreasing exponentially with a skin depth of *λ* = 0.10−0.12 mm under the tested conditions, a 254 nm lamp held 5 cm from the band. This lesion rate was derived from fitting the full time-course data to the skin effect model and is thus corrected for background reverse transcription stops and heterogeneity in damage for RNAs at different gel depths. If locating and marking an RNA gel band by UV shadowing requires 10 to 20 seconds, the mean number of lesions per RNA under these conditions is calculated to be 0.16 to 0.27. (For comparison, numerous single-molecule folding and catalysis studies have uncovered sub-populations of kinetically distinct molecules at frequencies of 10--30%.)

Five factors besides exposure time can change the fraction of damaged molecules. First, higher concentrations of RNA decrease the overall lesion rate since the skin depth becomes shorter. However, the practical use of this effect may be modest; in our hands, higher loaded amounts spread into wider bands with similar RNA concentrations. Second, setting gels with thicker spacers permit the skin layer to protect more RNA. Our experiments with 3 mm thick gels gave reduced damage by 40%. Third, using longer wavelength lamps (e.g, 302 nm) gave weaker damage, by nearly 10-fold, but permitted visualization only in the thinner gels (0.5 mm) with high RNA amounts (100 μg). Fourth, the distance of the lamp to the sample can be increased, from 5 to 10 cm, resulting in 2 to 4-fold less radiation dose and proportionally less damage. Finally, the lesion rate per RNA varies with the length of nucleotides of the molecule. RNAs under 20 nucleotides as are used for, e.g., duplex thermodynamic studies[@b36] should give low mean numbers of lesions (less than 0.02) per RNA in our tested conditions. Conversely, preparations of long RNAs, e.g., the *Tetrahymena* group I ribozyme (388 nts), under our tested conditions would have a mean fraction of greater than 0.5 lesions after 20 seconds of UV shadowing.

None of the variations described above eliminate UV damage or heterogeneities due to the skin effect ([Figure 2G](#f2){ref-type="fig"}), which may cause counterintuitive behavior in single molecule experiments. UV damage can be completely avoided if a small amount (20 μg) of a replicate sample or an edge of the gel lane of interest is sacrificed to 254 nm UV irradiation to enable localization of nearby RNA that remains undamaged. Alternatively, several groups have proposed non-gel-based purification methods for crystallography, NMR, and high-throughput biophysics applications \[see, e.g., refs.[@b11][@b37][@b38][@b39][@b40][@b41]\], and these methods either give sub-second UV doses during chromatographic detection or bypass UV exposure altogether. By avoiding gel electrophoresis, these strategies may also reduce oxidative damage (ref.[@b42] and [Supplemental Figure S1](#s1){ref-type="supplementary-material"}), heat treatment[@b10], and potential contamination from acrylamide or polyacrylamide.

Our results suggest that UV shadowing may be causing underappreciated covalent damage in high-precision and single-molecule-resolution RNA biophysical measurements. Future studies may thus wish to report precautions taken against UV-induced damage or set experimental bounds on the damage through primer extension.

Methods
=======

Polyacrylamide gel electrophoresis and UV shadowing
---------------------------------------------------

All RNAs were prepared as in prior work[@b24][@b41] by *in vitro* transcription with T7 RNA polymerase from PCR products (with the 20 bp T7 promoter sequence TTCTAATACGACTCACTATA included at the 5′ end), with transcription volumes up to 1.5 mL. Transcriptions were precipitated by adding 1/10 volume of sodium acetate (pH 5.2) and 3 volumes of cold ethanol (taken out of −20°C storage), cooling on dry ice for at least 15 minutes, and centrifuging at 14,000 g for 1.5 hours. After removal of supernatant, pellets were rinsed with 1 mL 70% cold ethanol twice, dried in air for at least 30 minutes, and resolubilized in deionized water at volumes equal to 1/10 of the original transcription. A half volume of denaturing loading buffer (90% formamide, 0.1% xylene cyanol, 0.1% bromophenol blue) was added, and the samples were loaded onto polyacrylamide gels. The gels were 0.5 mm in thickness, 20 cm in height (direction of electrophoresis), and 27 cm in width. The gel mix contained 1x TBE (89 mM Tris-Borate, 1 mM EDTA), 8% polyacrylamide (29:1 acrylamide:bis, Sigma), and 7 M urea, and were polymerized by the addition of 1/100 volume of 10% ammonium persulfate and 1/1000 volume of TEMED (*N*,*N*,*N*′,*N*′-Tetramethylethylenediamine); after pouring between glass plates, the gels were given at least 1.5 hours to polymerize. Variations with longer polymerization times and use of flavin mononucleotide as the polymerization activating reagent are discussed in [SI Figure S1](#s1){ref-type="supplementary-material"}. Gels were run at 25 W or less for 1 to 3 hours (temperatures remained less than 40°C under electrophoresis conditions).

Gels were transferred from gel plates onto UV-transparent plastic wrap (Saran), covered with wrap on both sides, and placed on a fluorescent TLC plate (Life Technologics). Samples were exposed to UV hand-held lamps (Ultraviolet Products UVG-54, 254 nm, 6 W; unless specified otherwise) and boxes were marked on plastic wrap around band locations with Sharpie markers. In most cases, half of the lanes were exposed, with the other half being covered with aluminum foil; the halves were excised separately, with the covered portions serving as UV-untreated controls. The radiation exposure was estimated assuming that the radiation was reflected into one hemisphere underneath the lamp, decreasing as distance squared; this is an underestimate since the radiating tubes are not point sources but extend over approximately 10 cm. For time course measurements ([Fig. 2](#f2){ref-type="fig"}), early timepoints were acquired by turning on the lamp for a few seconds (for warm-up) and transiently removing the foil for the presented times. Gel slices were excised with sterile, disposable scalpels (BD) after peeling back plastic wrap and placed in 1.5 mL Eppendorf tubes with 200 μL deionized water. RNAs passively eluted into the water during incubation overnight at 4°C, and concentrations were estimated by absorption measurements at 260 nm on a Nanodrop spectrophotometer.

Reverse transcription
---------------------

RNA sequences are presented in [Fig. 1B](#f1){ref-type="fig"} (for non-coding RNAs) and [Fig. 1C](#f1){ref-type="fig"} (for UV1-UV5); all sequences included an additional 20 nt sequence AAAGAAACAACAACAACAAC at the 3′ end as a common reverse transcription binding site. Reverse transcription with Superscript III reverse transcriptase (Invitrogen) and capillary electrophoresis on ABI 3100 and 3730 machines were carried out as previously described, using poly(A) purist magnetic beads (Life Technologies) to accelerate purification steps[@b23][@b24][@b41]. For reverse transcriptions with 'doping' from 2′-3′-dideoxyguanosine triphosphate (ddGTP), concentrations of nucleotides were 0.05 mM ddGTP and 1 mM dATP, dCTP, dTTP, and dITP (2′-deoxyinosine triphosphate). Data were aligned and quantitated with the HITRACE software[@b32]. Data have been deposited as entries UVBAD5 UVP 0001 and TRP4P6 UVP 0001 in the RNA Mapping Database (<http://rmdb.stanford.edu>).

Model for UV damage timecourses
-------------------------------

Data for ultraviolet damage timecourses were fit to an extension of the basic Poisson model, in which modifications at different sites occur independently and stochastically \[see, e.g., references[@b23][@b43] for prior applications to chemical mapping data\]. Assume that the total rate of modification at all sites is *k,* and the fractional modification rate each site *i* is given as *k~i~* = α*~i~k*. The sum over the fractional modification rates α*~i~* is unity. The skin effect model is different from the simple Poisson model in that the damage rates are not constant for all RNAs but are attenuated at depth *z* with characteristic length λ: The lesion probability at site *i* at time *t* is then: where *b~i~* is the (UV-independent) background rate of stopping reverse transcription. The fraction of molecules *F~n~* with *n* lesions is given by the Poisson formula, but averaged through different depths: The fraction of reverse transcription product *f~i~* at site *i* after traversal through sites 1, 2, ... *i--1* is: Note that *i* indexes the position in the reverse transcribed cDNA (5′ to 3′), with *i =* 1, 2, ... corresponding to primers extended by one, two, ... nucleotides. The [equations (1)](#m1){ref-type="disp-formula"}[--](#m2){ref-type="disp-formula"}[(3)](#m3){ref-type="disp-formula"} were computed in MATLAB (Mathworks), with the integrals numerically approximated by subdividing the gel slice into subslices of length 0.001 *L.* The site-dependent background stopping probability *b*~i~ was measured by the reverse transcription experiment without UV exposure. The site-specific UV-damage rate α*~i~* was estimated based on measurements with 600 seconds of UV exposure, subtracting *b~i~* and normalizing to unity. Similar parameter fits were obtained for α*~i~* estimated from later timepoints and also by iterating the fits so that new α*~i~* were obtained based on the ratio of data at late timepoints with predictions based on the original estimates of α*~i~*. Data at the very 5′ and 3′ ends gave strong signals that saturated the capillary electrophoresis fluorescence detector and were not used in the fits (see [Fig. 2](#f2){ref-type="fig"}); so the total modification rates given in the text are slight underestimates. Note that a standard Poisson model can be obtained from [equations (1)](#m1){ref-type="disp-formula"}--[(4)](#m4){ref-type="disp-formula"} above by setting (no attenuation of radiation by absorption).

To model measurements that included ddGTP for internal controls, the 'background' stopping probabilities *b*~i~were adjusted based on reverse transcription measurements without UV but including ddGTP. Suppose that there is a ddGTP signal nucleotide at *h*, and the next UV-induced signal is at *i\>h*, such that there is no cross contamination (*k~h~*~ ~ = 0*,* *b~i~ = 0*, and no bands in between *h* and *i*); examples of these pairs are shown in SI [Figures 2D and 2E](#f2){ref-type="fig"}. For the standard Poisson model, the ratio of the two signals is given by with the complex attenuation factor canceling out. For times up to saturation, this ratio increases linearly with time since *b~h~* is constant and *p~i~* increases as in eq. (2), which is linear for *p~i~* \< 1. This relation was used in the text to make comparisons between different conditions (UV wavelength, loaded RNA amount, thickness of gel). Specifically, the ratio of the UV-damage signal at nucleotides 167, 181, 205, and 224 in the P4-P6 RNA was computed, after normalization to ddGTP reference peaks; the mean and standard deviation of these numbers is reported.

For determining absolute rates of damage, the general skin effect model was numerically calculated as above and fit to the data. (In principle, the overall damage rate could be estimated based on measuring the amount of fully reverse-transciption extended products compared to partially extended products, and subtracting values from UV-untreated samples as controls. However, attempts to measure these values through dilution series gave large absolute errors in damage rates, around 30%.)

For a large range of times and negligible background *b~i~*, the reverse transcription pattern \[[equation (4)](#m4){ref-type="disp-formula"}\] reaches an approximate 'steady state' in which the top of the gel slice is saturated with lesions, the bottom of the gel slice to remain undamaged, and an intermediate subslice of RNAs ('active' layer) dominates the contribution to the reverse transcription signal. The steady state is given by the simple formula: The equation is derived in the Supporting Text.
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![Characterizing RNA damage during UV shadowing by reverse transcription read out by capillary electrophoresis.\
(A) Cyclobutane dimerization product of two uracil bases initiated by UV absorption. (B) Capillary electropherograms of reverse-transcription products for seven RNAs that were or were not UV-shadowed during polyacrylamide gel purification. Sequence is as given except for reverse transcription binding site at 3′ end (see Methods). Boldface letters and asterisks mark second nucleotides of pyrimidine-pyrimidine doublets. Exposure time was 100 seconds by a hand-held UVG-54 lamp (Ultraviolet Products) at 10 cm distance to samples. (C) Design of sequences UV1 to UV5 to confirm damage predominantly at pyrimidine-pyrimidine (UU, UC, CU, and CC) sites. Gray circles mark second nucleotides of pyrimidine-pyrimidine doublets. (D) Capillary electropherograms of gel-purified sequences UV1 to UV5. (E) Histograms of UV reactivities at AA, AU, and UU sites from RNAs in (B); reactivities are relative to mean UV reactivity seen for each construct. (F) Box plot of reactivities across all dinucleotide types, shown as medians (white symbols), 25^th^--75^th^ percentile (interquartile) ranges (black boxes), most extreme data points that are outside the interquartile range by no more than 1.5 times this range (whiskers), and values beyond the whisker range (small black symbols). (G) Effects of different UV handheld lamps, gel thickness, and loaded RNA amounts on the P4--P6 RNA (P4--P6 domain of the *Tetrahymena* group I ribozyme).](srep00517-f1){#f1}

![Time-course of UV damage and a 'skin effect model'.\
(A) Ultraviolet damage for the P4-P6 RNA shadowed during gel purification by a UVG-54 lamp at a distance of 5 cm. Arrows mark damage appearance at 3 second time point. (B) Quantitation of reverse transcribed products. (C) Fit of data in (B) to a skin effect model in which the UV lesion rate in the 0.5 mm gel slice is 0.032 s^--1^ but attenuated exponentially by absorption with skin depth λ = 0.1 mm. (D), (E), (F), and (G): Predictions of the skin effect model for the distribution of damage (here, the fraction of RNAs with at least one lesion) at different depths of the gel slice (vertical axis) at different points in the observed time-course. (H) Molecule-by-molecule distribution of lesions in the Poisson and skin effect models when the average number of lesions per molecule is 1 \[corresponding to the 60 second timepoint (E)\].](srep00517-f2){#f2}
